Introduction
Spatial audio technology is applied to sound systems such as virtual reality systems, computer games, and mobile phones. One technique for spatial audio is using the headrelated transfer function (HRTF). HRTFs depend on the direction of sound source and subjects, and they have very complex acoustic characteristics. There were many studies on measuring HRTFs [1] [2] [3] and public HRTF databases [4] [5] [6] [7] [8] [9] .
Many HRTF measurements have been conducted in the horizontal coordinates, which are same as latitude and longitude coordinates, and the directions of sound source have been represented by azimuth and elevation angle . In the case of sagittal coordinates, a previous study reported that lateral angle had relations to interaural time difference (ITD) and interaural level difference (ILD) and that vertical angle contributed to the vertical perception [10] . HRTF measurement was also conducted in sagittal coordinates [2] . Therefore, it is importance to measure HRTFs in different coordinates from the horizontal coordinates.
In this paper, we used three reference planes: the horizontal, the sagittal, and the frontal planes. HRTFs were measured in the three kinds of coordinates corresponding these reference planes, and an HRTF database was constructed.
HRTF Measurement

Sagittal and frontal coordinates
The sagittal and frontal planes serve as reference planes in anatomy. The sagittal plane consists of a median plane, which cuts the body into symmetrical regions that run parallel to the median plane. The frontal plane includes every vertical plane that cuts the body into ventral and dorsal parts. The horizontal, sagittal, and frontal planes cross each other at right angles. Figure 1 shows three kinds of coordinates. In the horizontal coordinates, the directions of sound source are defined by azimuth and elevation angle . . The start point of the rotation angle is upward, and 90
and 270 rotation angles are right and left on the horizontal plane. A rotation angle of 180 is downward. In our measurements, the origin is at the center point between the entrances of the ear canals.
Measurement conditions
HRTFs were measured with two head-and-torso simulators (B&K 4128 and KEMAR). A swept sine signal [11] with duration of 1.365 s was transduced by a loudspeaker (BOSE Acoustimass loudspeaker). Microphones (SONY ECM-77B) were positioned at the entrances of the two ear canals to block them. The measurements were conducted in a soundproof room (7 m Â 7 m Â 4:5 m), and the distance between the center of each ear and the loudspeaker was 1.00 m. Both ears and the loudspeaker were located in the same horizontal plane, which was 1.15 m in height. The sampling frequency was 48 kHz. Other measurement conditions were those shown in Table 1 .
HRTFs were measured at 5 intervals under every condition shown in Table 2 . However, it was necessary to convert angles from the sagittal and the frontal to the horizontal coordinates because our measurement equipment was moved in the horizontal coordinates. Although the equipment could locate the sound source at 1 intervals with 0.3 accuracy, the directions of sound source had caused slight error in converting the angles. Moreover, the HRTFs could not be measured at elevation angles under À50 on account of the measurement equipment's specifications. The resulting directions were 2,088 for the horizontal coordinates and 2,329 for the sagittal and frontal coordinates.
Since measurements were conducted in the equivalent intervals, HRTFs were measured densely in the zenith for the Ã e-mail: nakado@sp.m.is.nagoya-u.ac.jp y e-mail: nishino@media.nagoya-u.ac.jp horizontal coordinates, in the laterals for the sagittal coordinates, and in the front and rear for the frontal coordinates.
Construction of HRTF database
Measured HRTFs were compensated to construct an HRTF database by using the following procedure. This was done because the measured HRTFs incorporated the differences in microphone gain, the reflection on the floor, and the characteristics of the loudspeaker.
(1) To compensate the difference between the two microphone gains, a compensated coefficient was calculated by equalizing the power of both impulse responses measured at the front on the horizontal plane. The compensation was conducted by applying the coefficient to all measured HRTFs. (2) To remove the reflection on the floor from the measured impulse responses, the arrival time of the reflection was calculated by using the acoustic path and the velocity of sound. Samples after the calculated arrival time were zero. (3) To compensate the loudspeaker's characteristics, the impulse responses between the loudspeaker and both microphones were measured in the same measurement environment. Here, both microphones were close to the loudspeaker. Inverse filters were made with the least mean square method and applied to all measured HRTFs. Figures from 2 to 5 show the results of measuring with KEMAR. Figures 2 and 3 show the magnitude response on the sagittal plane of ¼ 45
and on the frontal plane of ¼ 45
. These figures show that the characteristics were reversed at the axis of symmetry, which was the frontal plane ( ¼ 90 ) for the sagittal coordinates and the median plane for the frontal coordinates.
Figures 4 and 5 show ILDs in the sagittal and the frontal plane, respectively. The ILD was calculated by the following equation:
where h l and h r are the left and right ears' head-related impulse responses, respectively. In these figures, distinctive curves were illustrated. In the database, the compensated HRTFs were collected based on the angle of each reference plane, that is, , , and . The conversion maps from the sagittal and the frontal coordinates to the horizontal coordinates were made using Eqs. (2) and (3).
where the sound source is located at the upper-right side. Equation (2) denotes conversions from the sagittal to the horizontal coordinates, with Eq. (3) those from the frontal to the horizontal coordinates. HRTFs in the database are formed in double precision and little endian, and a length of HRTF is 512 points. The database can be downloaded at this web site: http://www.sp.m.is.nagoya-u.ac.jp/HRTF/
Conclusion
This paper described HRTF measurements in the horizontal, sagittal, and frontal coordinates. The resulting measurement directions were 2,088 for the horizontal and 2,329 for the sagittal and frontal coordinates. An HRTF database was constructed from these measured HRTFs and opened to the public on the Internet.
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